Summary
The quantum noise properties of both phase-insensitive (PI) and phase-sensitive (PS) fiber optical parametric amplifiers (FOPAs) are well understood in the linear gain regime [1, 2] , and the effects of spontaneous Raman scattering has been described successfully [3] [4] [5] . However, previous work are carried out under the approximations of a constant pump power and has disregarded fiber loss. In this paper we do investigations of the noise properties of fiber optical parametric amplifiers that are valid in the linear as well as in the nonlinear gain regimes, and in which fiber attenuation, Raman scattering and quantum fluctuation are included.
The classical three-wave FOPA (signal, idler and degenerate pump) is modelled in a single-moded polarization maintaining χ (3) -nonlinear fiber according to ref. [6] . Fiber attenuation is included by adding a linear loss term to each wave component, and Raman scattering is modelled in the equation for wave k with terms of g R (Ω kl )|A l | 2 A k /2 to describe the interaction among A k and A l and a similar term for the interaction among A k and A m where (k, l, m) = (p, s, i), corresponding to the pump, signal and idler waves. Ω kl is the frequency shift between waves k and l and g R (Ω kl ) is the Raman gain coefficient between the two waves. Spontaneous Raman scattering is described by including the thermal phonon equilibrium number n T (Ω kl ) = (exp(hΩ kl /k B T ) − 1) −1 , whereh and k B are Plancks and Boltzmanns constants and T the temperature [7] . To obtain equations which are valid in the saturated pump regime, we do not neglect any interaction terms among the three waves; however, we neglect all higher order four wave mixing products, consequently the model is not valid in deep depletion.
Since the input fields must resemble coherent states, ensembles of classical fields with 2 · 10 4 elements are generated by dividing each field in their real and imaginary parts and then adding a normally distributed stochastic variable δ A with statistical properties δ A = 0 and δ A 2 =hωB 0 /4 to each field, where ω is the frequency of the field and B 0 is the bandwidth of the field. This procedure simulates the quantum fluctuations in the two quadratures of the quantum electric field and thus correctly captures the uncertainty in field amplitude and phase.
Vacuum fluctuations are included by adding fluctuations to the fields during propagation. In each numerical step, ∆z, the fiber attenuation is accounted for by adding δ a to each quadrature of the field with statistical properties δ a = 0 and δ a 2 =hω p B 0 α∆z/4, where α is the linear loss coefficient; the expression originates from the quantum uncertainty relation of the variances of the two quadratures. Correspondingly, spontaneous Raman scattering from wave l to k is accounted for by adding yet another fluctuation with properties δ a kl = 0 and δ a 2 kl = (1 + n T (Ω kl ))hω l B 0 g R (Ω kl )|A l | 2 ∆z/2 to the equation for k, and a similar fluctuation is added for the contribution of wave m to k.
We define an individual signal-to-noise ratio (SNR) for the PI amplifier to be SNR PI = n s 2 /Var(n s ) and a combined SNR for the PS amplifier to be SNR PS = n s + n i 2 /Var(n s + n i ), where n s and n i are the signal and idler photon numbers. The noise figure (NF) is defined for both cases as NF = SNR in /SNR out . Figure 1(a) shows the NF spectra of the PI and the PS amplifier with and without the Raman contribution. The initial phases of the input fields are φ p = 0, φ s = −π/4 and φ i = π/4. In the PI case, spontaneous Raman scattering increases the NF asymmetrically compared to the 3 dB noise floor of the conventional FOPA without Raman; the local increase around the pump is caused by the divergence in the phonon equilibrium number. In the PS case, Raman noise is observed to increase the 0 dB NF around λ p − λ s = 0 nm with ∼ 1.3 dB. Up to |λ p − λ s | = 20 nm a NF less than 2 dB is achievable. Figure 1(b) shows the NF vs. position of a PI amplifier for two cases with Raman scattering and one without. After z ≈ 500 m the pump starts to deplete and the NFs decrease to approx. −40 dB. After the turning point z ≈ 680 m, the signal starts giving energy back to the pump and the NFs increase rapidly for all cases. The lower-wavelength curve increases to large positive NF values, while the higher-wavelength curve returns to large negative values without reaching 0 dB. By neglecting Raman scattering at lengths longer than the turning point results in a significant error. The constellation diagrams in the insets explain the drastic behaviour of the NF in the depleted pump regime; the black lines point toward the origo. 1) shows the circular shaped field ensembles in the linear gain regime, where the higherwavelength ensemble has experienced a larger Raman gain; in 2) the ensembles are squeezed in amplitude by the amplifier but broadened in phase, which causes the photon-number based SNR to increase; 3) shows that the higherwavelength ensemble is yet again squeezed in amplitude, while in 4) the lower-wavelength ensemble is squeezed in phase. The ensemble without Raman (not shown) is observed to return to the non-squeezed state of 1) at the output.
In conclusion, we show a method for describing Raman scattering and vacuum fluctuations in parametric amplifiers using classical equations. Using the approach, we show the effect of Raman scattering in the linear and depleted gain regime. In the latter, coherent input states are shown to be squeezed by the amplifier, thus improving the SNR.
